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The stress-activated phosphatidylinositol 3-phosphate 5-kinase
Fab1p is essential for vacuole function in S. cerevisiae
Frank T. Cooke*†, Stephen K. Dove†‡§, Robert K. McEwen‡§, Gavin Painter¶,
Andrew B. Holmes¶, Michael N. Hall¥, Robert H. Michell‡§ and Peter J. Parker*
Polyphosphoinositides have many roles in cell
signalling and vesicle trafficking [1–3].
Phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), a
recently discovered PIP2 isomer, is ubiquitous in
eukaryotic cells and rapidly accumulates in
hyperosmotically stressed yeast. PI(3,5)P2 is
synthesised from PI(3)P in both yeast and mammalian
cells [4,5]. A search of the Saccharomyces cerevisiae
genome database identified FAB1, a gene encoding a
PIP kinase homologue and potential PI(3)P 5-kinase.
Fab1p shows PI(3)P 5-kinase activity both in vivo and 
in vitro. A yeast strain in which FAB1 had been deleted
was unable to synthesise PI(3,5)P2, either in the
presence or absence of osmotic shock. A loss of
PI(3,5)P2 was observed also in a temperature-sensitive
FAB1 strain at the non-permissive temperature. A
recombinant glutathione-S-transferase (GST)–Fab1p
fusion protein was shown to have selective PI(3)P
5-kinase activity in vitro. Thus, we have demonstrated
that Fab1p is a PI(3)P-specific 5-kinase and represents
a third class of PIP kinase activity, which we have
termed type III. Deletion of the FAB1 gene produces a
loss of vacuolar morphology [6]; it is therefore
concluded that PI(3,5)P2, the lipid product of Fab1p, is
required for normal vacuolar function.
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Results and discussion
S. cerevisiae normally contains a small amount of PI(3,5)P2,
the concentration of which rapidly increases following
application of an hyperosmotic stress [4]. When a yeast
strain in which the FAB1 gene had been deleted (fab1-∆1)
was extensively labelled with [3H]inositol, no PI(3,5)P2
was detected either in unperturbed or in hyperosmotically
stressed cells (Figure 1a; Table 1). Re-introduction of the
FAB1 gene on the plasmid pEMY105 restored the ability
of fab1-∆1 cells to make basal levels of PI(3,5)P2 and also
reinstated the stimulation of PI(3,5)P2 synthesis by hyper-
osmotic stress (Figure 1b; Table 1). Although Fab1p is
structurally related to mammalian PI(4)P 5-kinases, no sig-
nificant difference was seen between the PI(4,5)P2
content of fab1-∆1 cells and the control cells fab1-∆1
pEMY105, either in the presence or absence of hyperos-
motic shock (Table 1). Thus, Fab1p has no obvious role in
the synthesis of PI(4,5)P2.
The PI(3,5)P2 content of a temperature-sensitive FAB1
strain (fab1-2) [6] was also examined. At the permissive
temperature, these cells contained far less [3H]PI(3,5)P2
than control cells (1% or less of the 3H present in
[3H]PI(4,5)P2, compared with 2–10% in control cells).
Moreover, the fab1-2 cells showed only about a twofold
stimulation of PI(3,5)P2 synthesis following 10 minutes of
hyperosmotic stress, whereas control cells consistently
showed a 10–20-fold increase (Figure 1b; Table 1). At the
non-permissive temperature, there was no enhancement
of PI(3,5)P2 synthesis during hyperosmotic stress. These
are properties predicted by the behaviour of fab1-2 cells,
which show a partially defective phenotype even at per-
missive temperatures [6].
A GST–Fab1p fusion protein was expressed under a
galactose-inducible promoter in the fab1-∆1 strain
(Figure 2a,b). To test for inositol lipid kinase activity,
beads loaded with GST–Fab1p were incubated with
[γ-32P]ATP, various concentrations of Mg2+ or Mn2+ and
PI(3)P. A 32P-labelled product with the mobility of a PIP2
was detected by thin-layer chromatography followed by
autoradiography, and was identified as PI(3,5)P2 by high-
performance liquid chromatography (HPLC; data not
shown). Activity was optimum at ~1.5 mM Mg2+ or
~0.5 mM Mn2+ (see Supplementary material published
with this paper on the internet). At these optimum metal
ion concentrations, mixed lipid vesicles were used to
define the lipid dependence of the kinase activity of
GST–Fab1p. Whereas kinase activities against phos-
phatidylcholine and PI(3)P mixtures and against PI(3)P
alone were similar, presentation of PI(3)P mixed with
phosphatidylethanolamine or with the anionic detergent
cholate enhanced kinase activity (Figure 3).
To determine substrate preference, PI and various PI
monophosphates (PI(3)P, PI(4)P and PI(5)P) were all pre-
sented as mixed lipid vesicles with phos-
phatidylethanolamine. Products with the properties
expected of [32P]PIP2 were detected in assays containing
either PI(3)P or PI(4)P; assays containing PI, PI(5)P
(Figure 4a) or PI(3,4)P2 (data not shown) yielded no
detectable products. The assays with PI(3)P as substrate
yielded a single [32P]PIP2 product, and assays with PI(4)P
yielded much smaller amounts of two PIP2 products
(Figure 4a). Following deacylation, the single
[32P]glycero-PIP2 (GroPIP2) that was made from PI(3)P
co-chromatographed with GroPI(3,5)P2 and was clearly
separated from GroPI(3,4)P2 (data not shown). Thus, the
sole product of PI(3)P phosphorylation by GST–Fab1p is
PI(3,5)P2. Unexpectedly, the more abundant of the two
[32P]PIP2 isomers made in the assays that used brain-
derived PI(4)P as substrate was PI(3,5)P2, rather than
PI(4,5)P2 (Figure 4b). As PI(3,5)P2 cannot be made
directly from PI(4)P, it is likely that the starting PI(4)P
preparation contained some contaminating PI(3)P, which
constitutes a few percent of the PIP in mammalian cells
[7]. The PI(3,5)P2 synthesis from this PI(3)P that pre-
dominated despite the large excess of PI(4)P in the assay
demonstrates that GST–Fab1p has a strong selectivity for
catalysing the 5-OH phosphorylation of PI(3)P to
PI(3,5)P2. The less abundant [32P]PIP2 made in these
assays was [32P]PI(4,5)P2, which implies either that
Fab1p can express a very inefficient PI(4)P 5-kinase
activity or that the harvested GST fusion protein was con-
taminated with the PIP kinase Mss4p; we have shown
elsewhere that purified Mss4p acts upon PI(4)P, but does
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Figure 1
PIP2 levels in fab1-∆1 pRS426 and fab1-∆1
pEMY105 strains. HPLC chromatograms of
deacylated [3H]PIP2 isomers from FAB1-
defective (fab1-∆1) yeast with and without
expression of Fab1p from a plasmid
(pEMY105). (a) Glycero-PIP2 (GroPIP2) levels
in fab1-∆1 cells containing empty multicopy
(2 µm) pRS426 plasmid that have been
exposed to unstressed (closed circles) or
hyperosmotically stressed (1.1 M NaCl, 10 min;
open circles) conditions. (b) GroPIP2 levels in
fab1-∆1 cells expressing Fab1p from the 2 µm
pEMY105 plasmid that have been exposed to
unstressed (closed circles) and
hyperosmotically stressed (open circles)
conditions. The retention times of all known
GroPIP2 isomers are indicated. The small
amount of a GroPIP2 that co-elutes with
GroPI(3,4)P2 is unlikely to be an artefact; it may
be a minor product of the PIP kinase Mss4p [8].
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Table 1
Hyperosmotic-induced inositide levels in Fab1p-defective strains.
Strain/treatment PI(3)P PI(4)P PI(3,5)P2 PI(4,5)P2
fab1-∆1 432 ± 0.4 155 ± 3.6 Not detected 247 ± 0.8
fab1-∆1 + NaCl 492 ± 2.8 1000 ± 27 Not detected 609 ± 18
fab1-∆1 pEMY105 404 ± 10 153 ± 0.3 6.2 ± 0.01 202 ± 2
fab1-∆1 pEMY105 + NaCl 407 ± 12 1040 ± 23 68.7 ± 0.6 501 ± 17
fab1-2 30°C 644 ± 3.6 203 ± 3.0 1.8 ± 0.04 207 ± 0.2
fab1-2 30°C + NaCl 672 ± 19 685 ± 19 3.3 ± 0.01 316 ± 19
fab1-2 38°C 736 ± 5.8 323 ± 5.0 1.1 ± 0.01 349 ± 0.2
fab1-2 38°C + NaCl 458 ± 5.7 577± 3.0 0.7 ± 0.01 444 ± 2.3
The table shows [3H]inositol lipid levels in various strains, with or
without application of a hyperosmotic shock (1.1 M NaCl for 10 min).
The values shown are the means and range from one experiment
performed in duplicate that is representative of two or three
independent experiments. The data are corrected to account for
differences in cell numbers between strains. Data are given as
dpm × 10–3. The strains used were fab1-∆1 containing the empty 2 µm
plasmid pRS426 (fab1-∆1), a control strain fab1-∆1 expressing Fab1p
from a 2 µm plasmid (fab1-∆1 pEMY105) and the temperature-sensitive
strain fab1-2. No significant differences were seen in PI(3,5)P2 levels
between the fab1-∆1 pEMY105 strain and a fab1-∆1 strain expressing
Fab1p on a single copy (CEN) plasmid (data not shown).
not phosphorylate the 5-OH position of PI(3)P [8]. In vivo
labelling of the fab1-∆1 strain containing GST–Fab1p
demonstrated that the fusion protein behaved exactly as
wild-type Fab1p with respect to PI(3,5)P2 synthesis (data
not shown).
Previously described PIP kinases were initially subclassi-
fied into types I and II on the basis of their enzymological
properties [9]. Recently, it was recognised that they 
catalyse different reactions [10]; the type I PIP kinases pri-
marily catalyse 5-OH phosphorylation of PI(4)P on the
classical route of PI(4,5)P2 synthesis, and type II PIP
kinases phosphorylate the 4-OH position of PI(5)P, pro-
ducing PI(4,5)P2, and, to a lesser extent, the 4-OH position
of PI(3)P, producing PI(3,4)P2. The predicted sequence
homology between the kinase domains of Fab1p and of
types I and II PIP kinases provided the first indication that
Fab1p might be a PIP kinase [6]. Fab1p is much larger
(257 kDa) than the established PIP kinases (47–90 kDa),
however, and only shows significant homology with them
in the putative catalytic region. Our results show that
Fab1p catalyses a novel reaction, namely 5-OH phospho-
rylation of PI(3)P. Fab1p is therefore the prototype of a
new PIP kinase subfamily comprising the PI(3)P 5-
kinases. We suggest that these should be termed type III
PIP kinases. Recent genetic studies have shown that
expression of a mammalian type I PIP kinase can comple-
ment the defect caused by MSS4 gene disruption; neither
a type II PIP kinase nor FAB1 can complement this defect
[11]. In yeast, therefore, the type I and type III PIP
kinases appear to be responsible for PI(4,5)P2 and
PI(3,5)P2 synthesis, respectively.
A 220 kDa FAB1 homologue has been noted in Schizosac-
charomyces pombe (the full open-reading frame is on two
overlapping cosmids, EMBL accession numbers
AL023534 and AL021838), where it presumably encodes
the PI(3)P 5-kinase responsible for the stress-induced syn-
thesis of PI(3,5)P2 that is carried out by this yeast species
[4]. There are also FAB1 homologues in C. elegans (EMBL
accession number Z67879) and rice (C28212). As PI(3,5)P2
is a ubiquitous component of eukaryotic cells, it is to be
expected that type III PIP kinases related to Fab1p will
have a similarly wide distribution.
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Figure 2
Induction and purification of a GST–Fab1p fusion protein.
(a) Coomassie-stained SDS–PAGE gel showing GST–Fab1p
production in the presence of 2% raffinose (Raff) or 2% raffinose plus
2% galactose (Raff + Gal). Aliquots (75 µl) of the cell lysate before
(lanes 1,4) and after (lanes 2,5) incubation with
glutathione–Sepharose beads are shown for comparison of protein
loading. The protein bound to 25 µl beads was loaded in lanes 3 and
6. The positions of the 220 kDa molecular weight marker (bar) and
GST–Fab1p (arrowhead) are shown. (b) Western blot with an anti-
GST antibody of the protein released from 5 µl glutathione–Sepharose
beads incubated with lysates from cultures grown in raffinose or
raffinose plus galactose. The position of the 220 kDa marker (bar) and
immunoreactive band (arrowhead) are indicated.
(b)Raff
1 2 3 4 5 6
Raff + Gal
Raff Raff +
Gal
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Figure 3
Lipid-dependence of GST–Fab1p kinase
activity. Assays were carried out using
100 µM PI(3)P sonicated alone (–), or with
400 µM phosphatidylcholine (PC), 400 µM
phosphatidylethanolamine (PE) or 0.4%
(weight : volume) cholate (Ch), as substrate, in
the presence of either 1.5 mM Mg2+ or
0.5 mM Mn2+. Lipid products labelled with 32P
were analysed by thin-layer chromatography
(top panel) and quantified by Cerenkov
counting (graph) as described previously [8].
1.5 mM Mg2+ 0.5 mM Mn2+
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We showed previously that PI(3)P, produced from PI by the
PI 3-kinase Vps34p, is the precursor to PI(3,5)P2 in S. cere-
visiae [4]. The Vps34p kinase is also conserved in mammals
[12], indicating that the entire PI–PI(3)P–PI(3,5)P2 pathway
is likely to be conserved. Although Fab1p-catalysed
PI(3,5)P2 production relies entirely on Vps34p-catalysed
PI(3)P synthesis [4], loss of Vps34p and of Fab1p bring
about different phenotypes: VPS34 disruption primarily
interferes with protein transit from the Golgi to vacuoles,
whereas the lesion caused by FAB1 inactivation is mainly
vacuolar; the fab1∆1 strain has large, poorly acidified vac-
uoles that fail to segregate correctly. Therefore, in addition
to supplying the substrate for PI(3,5)P2 synthesis, Vps34p
and PI(3)P must fulfil at least one additional function.
The phenotype shown by the fab1-∆1 strain has also been
seen in strains with mutations in two other genes, VAC7
and VAC14 [13], which are together defined as class III
vacuolar inheritance genes. Deletion of VAC7 has been
shown to block retrograde transport from the vacuole [14].
The similarity in the phenotypes shown by the class III
mutants would imply that FAB1 might also be involved in
controlling retrograde transport from the vacuole, presum-
ably via the synthesis of PI(3,5)P2, and subsequent
recruitment of PI(3,5)P2-binding proteins.
Materials and methods
PI(3,5)P2 synthesis was determined in vivo by labelling the cells as
described [4] with minor modifications detailed in the Supplementary
material. To determine the activity of Fab1p, a GST–Fab1p fusion
protein was expressed in S. cerevisiae, extracted and purified by affinity
chromatography (for details of plasmid construction, induction and purifi-
cation see Supplementary material). The purified protein was assayed for
lipid kinase activity and the products analysed essentially as described
[8] with minor modifications detailed in the Supplementary material.
Supplementary material
A figure showing the metal ion dependence of GST–Fab1p kinase
activity and additional methodological details are published with this
paper on the internet.
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Figure 4
GST–Fab1p is a PI(3)P 5-kinase. (a) Autoradiograph of a thin-layer
chromatography separation of the products of an in vitro kinase assay with
GST–Fab1p. The substrates used were: lane 1, PI (Lipid Products); lane
2, synthetic di-palmitoyl PI(3)P; lane 3, PI(4)P (Calbiochem); and lane 4,
PI(5)P (Eschelon). All substrates were used at 100µM and vesicles
prepared in the presence of 400 µM phosphatidylethanolamine. The
product in lane 2 incorporated 22,101 cpm Cerenkov counting. The upper
spot in lane 3 contained 934 cpm and the lower 2531 cpm. (b) HPLC
chromatography of the deacylated products from the upper (open circles)
and lower (closed circles) spots from lane 3 of (a). The lower spot was
found to contain 98% GroPI(3,5)P2 and the upper 98% GroPI(4,5)P2.
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Supplementary materials and methods
[3H]inositol lipid labelling in vivo
This was carried out as described previously [S1], with the following
alterations. The fab1-∆1 plus pRS426 and fab1-∆1 plus pEMY105
cells were radiolabelled for five divisions in inositol-free and uracil-free
synthetic complete medium (SC ura– ino–) containing 10 µCi/ml
[3H]inositol (NEN) and challenged with an equal volume of
SC ura– ino– or SC ura– ino– plus 2.2 M NaCl. The fab1-∆1 pEG-KT
FAB1 strain was labelled by diluting a log-phase culture to an OD600 of
0.07 in SC ura–/2% raffinose (Sigma) containing 50 µCi/ml [3H]inositol
(Amersham). After 3 h at 30°C, galactose (Sigma) was added to a final
concentration of 2%. The yeast were incubated for a further 5 h before
being challenged with an equal volume of 1.8 M NaCl. Cells were lysed
and processed as described previously [S1].
Expression of GST–Fab1p
The FAB1 gene was amplified by PCR using Pfu (Stratagene) from
pJK56 with primers that introduced a 5′ BglII site and a 3′ XhoI site,
and subcloned into pCR-blunt (Invitrogen). The FAB1 gene was
excised (BglII–XhoI) and ligated into BamHI–SalI-restricted pEG-KT.
The final vector, pEG-KT-Fab1, was sequenced and transformed into
fab1-∆1. To purify GST–Fab1p, the fab1-∆1 pEG-KT-Fab1 strain was
grown to early/mid log phase (OD600 0.3–0.5) in SC ura–/raffinose at
30°C, diluted to an OD600 of 0.1–0.2 in SC ura–/raffinose and galac-
tose was added to a final concentration of 2%. After incubation at
30°C for 5 h the cells (300–400 OD units) were washed once in lysis
buffer (50 mM Tris pH 7.6 at 25°C, 120 mM NaCl, 10 mM EDTA,
1 mM EGTA, 5 mM 2-glycerophosphate, 1 mM PMSF, 10 mM benza-
midine, 1 mM DTT) and resuspended in 10 ml of ice-cold lysis buffer
containing 1 µg/ml leupeptin and 5 µg/ml aprotinin, which were
included in all subsequent isolation buffers. All procedures were
carried out at 4°C. The yeast cells were disrupted using a Glas-Col
nebuliser by continuous cycling for 5–10 min with a N2 pressure of
200 psi. Lysis was greater than 90%. The final volume was adjusted to
9 ml with lysis buffer and 1 ml 10% (volume : volume) Triton X-100
(Sigma) was added. Following homogenisation, the cells were incu-
bated on ice for 10 min and centrifuged at 3,500 rpm for 5 min; the
supernatant was removed and centrifuged for 10 min at 12,000 rpm.
The supernatant was incubated with 100 µl (packed volume) of glu-
tathione–Sepharose beads (Pharmacia) for 1 h with end-to-end mixing.
The beads were washed three times in 15 ml lysis buffer containing 1%
Triton X-100, transferred to a microfuge tube and washed in either of
two ways: detergent-free lysis buffer, and finally lysis buffer plus 50%
ethylene glycol (for storage at –20°C); or kinase buffer for in vitro
kinase assay. To assess the purity and identity of the GST–Fab1p,
SDS–PAGE was carried out either by the method of Laemmli [S2] and
proteins visualised by Coomassie brilliant blue staining, or by the
method of Fairbanks [S3], for subsequent western blot analysis. Pro-
teins were transferred to immobilon-P (Millipore) by the procedure of
Bolt and Mahoney [S4], blotted with anti-GST antibody (Santa Cruz)
and immunoreactive protein detected by ECL (Amersham).
In vitro phosphoinositide kinase assay
The assays were carried out as described previously [S5] with the fol-
lowing modifications. A kinase buffer of the following composition was
used: 25 mM HEPES pH 7.4, 120 mM NaCl, 1.5 mM MgCl2 (unless
otherwise stated), 5 mM 2-glycerophosphate, and 1 mM DTT. The lipid
substrates were bath-sonicated in kinase buffer as indicated in the
figure legends in the main text. Incubations contained 50 µM ATP with
10 µCi of [32P]γATP (Amersham). Reactions were incubated for 15 min
at 30°C, using 10 µl packed volume of GST–Fab1p-loaded beads in a
Supplementary material
Figure S1
Metal ion dependence of GST–Fab1p kinase
activity. Assays were carried out using
100 µM PI(3)P as substrate with increasing
concentrations of Mg2+ or Mn2+ as indicated.
Lipid products labelled with 32P were
analysed by thin-layer chromatography (top
panel) and quantified by Cerenkov counting
(graph) as described previously [8].
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final volume of 65 µl. Reactions were stopped by the addition of 243 µl
of 2:1 MeOH : CHCl3 (volume : volume). Lipid products were assayed
as described previously [S5].
The substrate PI(3)P was synthesised from myo-inositol in 13 synthetic
steps. Key transformations included a regioselective DIBAL-H cleavage
[S6] of a myo-inositol orthoformate intermediate, resolution via prepara-
tion of camphate esters and deprotection utilising catalytic hydrogenol-
ysis [S7]. All intermediates and final product were characterised fully
and displayed satisfactory spectral data. Full experimental detail will
appear elsewhere.
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